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FREQUENCY DEPENDENCE OF CONDUCTIVITY IN
THE LAYERED In4Se3 CRYSTALSPACS 84.37.+q
The frequency dependence of conductivity in In4Se3, pure and with copper admixture crystals,
in the region of nitrogen temperatures is investigated. It was found out that variable length
hops on the localized levels in the vicinity of Fermi level is pre-dominant mechanism of charge
transfer in the crystals. For pure In4Se3 crystals the density of localized states is 1017 − 1018
eV−1·cm−3, the mean hop length is 220–350 A˚. The reasons for the occurrence of localized
states are considered within the model of a layered crystal as a quasi-disordered system.
K e yw o r d s: hopping conductivity, AC conductivity, Austin-Mott model, indium subseledide,
localized levels
Introduction
One of the possible mechanism of charge transport in
layered crystals is thermally activated electron hops
on the deep traps in the forbidden band, for example,
GaSe[1], InSe[2], In4Se3[3]. Results of works [1–3] in-
dicates that considering the temperature dependence
of conductivity in layered crystals it’s necessary to
take into account singularities of crystal structure of
these semiconductors. Particularly, decreasing of the
density of localized states near Fermi level in In4Se3[3]
at uniaxial mechanical strain along a normal to the
layers is connected with existence of quasi-localized
states, the nature of which is connected with vibra-
tional movement of the layers on the electronic sub-
system of the crystal.
In this paper the result of measurement of fre-
quency dependence of complex conductivity in a layer
(100) of pure and copper doped In4Se3 crystals has
been presented.
c○ STAKHIRA J. M., DEMKIV T. M., FL’UNT O.
Ye., 1995
1. Experimental methods
Single crystals of In4Se3 were grown by Chochral-
ski method with using of Peltier effect with follow-
ing thermal annealing. Entered into crystals copper
is donor type and decreases conductivity by a few
orders of magnitude. Electrical contacts to sample
were made by method described in [4]. Amplitude of
applied ac electrical field corresponds to linear range
of voltage-current characteristic. Measurement of ac
electrical conductivity was carried out by transform-
ing of complex impedance into proportional ac volt-
age [5, p. 130–131]. The main element of the equip-
ment was transformer of complex impedance 𝑍𝑥 of
sample under study on the base of operational ampli-
fier (OA). Back feed loop contains reference resistance
𝑅0. Complex transfer coefficient within the working
region for ideal OA depends only on 𝑍𝑥.This allows
to avoid the effect of stray capacitors on the result
of measurement. Real part of complex conductivity
(later conductivity) 𝜎 on certain frequency can be ob-
tained from the expression
𝜎 = 𝑘 sin𝜙/𝑅0 ,
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Fig. 1. Frequency dependence of conductivity 𝜎(𝜔) (a) and
𝜎(𝜔)−𝜎(0) (b) for current direction along [001] in In4Se3 crys-
tals at 125 K (1, 1’) and 175 K (2, 2’)
Fig. 2. The same as on fig. 1 for In4Se3 crystals with 1.2 at. %
of Cu at 225 K (1), 175 K (2) and 125 K (3)
where 𝑘 – gain module of the transformer and 𝜙–
phase shift between output and input signals that are
measured during experiment. Taking into account
true amplitude-phase characteristic of the real OA
using developed computer program decreases possi-
ble relative measurement error down to 3% for 𝜎 ≈
10−2 − 10−5 Ohm−1 and 5% for 𝜎 ≈ 10−6 − 10−8
Ohm−1.
2. Results and discussion
As it can be seen from Fig. 1 on frequencies above
characteristic frequency 𝜔0 ≈ 500 Hz the conductivity
𝜎(𝜔) becomes frequency dependent and has complex
form. Two linear dependencies are observed in log-log
scale with significantly different slopes. Experimental
dependencies well fit by math expression 𝜎 = 𝜎(0) +
𝐴1𝜔
𝑠1 +𝐴2𝜔
𝑠2 , where 𝐴1, 𝐴2, 𝑠1 and 𝑠2 – constants,
𝜎(0) – dc conductivity.
Frequency dependent conductivity described above
with temperature-independent coefficient 𝑠 = 0.7 −
0.83 is typical for variable range hopping conductiv-
ity via narrow band of localized levels in the vicinity
of Fermi level and can be described by Austin-Mott
model [6, 7]. According to this model frequency de-
pendence of electrical conductivity and exponent 𝑠
are described by expressions
𝜎(𝜔) = 1/96𝜋3𝑒2𝑘𝑇𝑁2𝐹𝛼
−5𝜔[ln(𝜔𝑝ℎ/𝜔)]4 ,
𝑠 = 1− 4/ ln(𝜔𝑝ℎ/𝜔) ,
where 𝑁𝐹 – density of localization levels in the vicin-
ity of Fermi level, 𝛼 – wave function decay constant,
𝑎 = 1/𝛼 – radius of localization, 𝜔𝑝ℎ – characteris-
tic phonon frequency accompanying localized electron
hops.
According to theory of hopping ac conductivity av-
erage life time of charge carriers 𝜏 with adsorption or
realizing of phonon was obtained from the expression
𝜏−1 = 𝜔𝑝ℎ exp(2𝜋𝑅𝑐𝜔) ,
where 𝑅𝑐𝜔 – average hop length.
(𝑘𝑇 )3/𝑁𝐹𝑅
3
𝑐𝜔Δ𝜀
4 = 1
Thereby, localized near Fermi level states that give
the contribution to conductivity are stricted within
the energy band Δ𝜀 nearby the Fermi level. It gives
possibility to estimate the concentration of them us-
ing the formula 𝑁𝑡 = Δ𝜀𝑁𝐹 .
Results of calculation show (see Table 1), that char-
acteristic phonon frequency 𝜔𝑝ℎ for low-frequency
range is by three orders of magnitudes lower, than for
high-frequency one. Value of 𝜔𝑝ℎ for high-frequency
range corresponds to atoms vibration frequencies in
In4Se3 [9]. Also the concentration of localized lev-
els 𝑁𝑡 with 𝜔𝑝ℎ is almost by one order of magnitude
higher than concentration of localized states with 𝜔𝑝ℎ
that corresponds to frequencies of individual atoms
in indium subselenide. So the conducted measure-
ments indicate that charge carrier’s transport in high-
quality In4Se3 crystals at nitrogen temperatures oc-
curs by hops over localized levels of two different
types.
Hops with 𝜔𝑝ℎ = 1013 Hz are characteristic for
charge hops via localized levels caused by additional
atoms. Hops with characteristic phonon frequency
about 109 Hz take place over localized levels the na-
ture of which is connected with singularities of crystal
Table 1.
Parameter
𝑠1 𝑠2
125 K 175 K 125 K 175 K
𝑠 0.7 0.7 0.81 0.81
𝜔𝑝ℎ, Hz 1 · 109 6 · 108 1 · 1013 1 · 1013
𝑁𝐹 , eV−1·cm−3 3 · 1017 7 · 1017 1 · 1017 2 · 1017
𝑁𝑡, cm−3 4 · 1016 8 · 1016 8 · 1015 2 · 1016
𝑅𝑐𝜔 , A˚ 220 220 350 350
Δ𝜀, eV 0.03 0.03 0.02 0.02
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structure of layered crystals, that leads to existence
of collective electron-phonon states [8, 9]. Tempera-
ture dependence of frequency 𝜔𝑝ℎ and concentration
of charge carriers for low frequency range confirms
the applicability of this approach.
Within the frame of considered model it could be
explained logically an absence of additional linear in
log-log scale frequency dependence for samples In4Se3
with Cu and In additives (fig. 2a). Critical frequency
𝜔0 is about 103 Hz. On frequencies higher than 𝜔0
conductivity obeys the law 𝜎 ∼ 𝜔𝑠. Temperature sen-
sitivity of exponent 𝑠 indicates that tunneling prob-
ability of charge carriers in additional band is not
negligibly small. Thereby the charge transport in
In4Se3 crystals occurs mainly by hopping than tun-
neling across potential barriers dividing the localized
states.
Conclusion
So the character of frequency dependence of copper
doped In4Se3 single crystals indicates that the vari-
able range hopping on localized states near Fermi
level conductivity is dominant mechanism of electrical
charge transfer at low temperatures. Drastic simpli-
fying of the frequency dependence of conductivity in
copper doped In4Se3 single crystals can be explained
by decreasing of intensity of vibrational movement of
layers in the result of trimerization of the crystals [8,
9].
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ЧАСТОТНА ЗАЛЕЖНIСТЬ ПРОВIДНОСТI У ШАРУ-
ВАТИХ КРИСТАЛАХ In4Se3
Р е з ю м е
Дослiджено частотну залежнiсть провiдностi в шаруватих
кристалах In4Se3, чистих та з домiшками мiдi, в областi
азотних температур. Виявлено, що переважаючим є ме-
ханiзм перенесення заряду зi змiнною довжиною стрибка
по локалiзованих рiвнях в околi рiвня Фермi. Для нелего-
ваних кристалiв In4Se3 густина локалiзованих станiв ста-
новить 1017 − 1018 eV−1·cm−3, середня довжина стрибка –
220–350 A˚. Причини виникнення локалiзованих станiв роз-
глядаються в рамках моделi шаруватого кристала як ква-
зiрозупорядкованої системи.
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